NASA/TM-2000-209685

Thermal Nondestructive Characterization
of Corrosion in Boiler Tubes by Application
of a Moving Line Heat Source

K. Elliott Cramer and William P. Winfree
Langley Research Center, Hampton, Virginia

January 2000



The NASA STI Program Office ... in Profile

Since its founding, NASA has been dedicated
to the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key
part in helping NASA maintain this important
role.

The NASA STI Program Office is operated by
Langley Research Center, the lead center for
NASA's scientific and technical information.
The NASA STI Program Office provides
access to the NASA STI Database, the largest
collection of aeronautical and space science
STl in the world. The Program Office is also
NASA's institutional mechanism for
disseminating the results of its research and
development activities. These results are
published by NASA in the NASA STI Report
Series, which includes the following report

types:

e TECHNICAL PUBLICATION. Reports
of completed research or a major
significant phase of research that
present the results of NASA programs
and include extensive data or theoretical
analysis. Includes compilations of
significant scientific and technical data
and information deemed to be of
continuing reference value. NASA
counterpart of peer-reviewed formal
professional papers, but having less
stringent limitations on manuscript
length and extent of graphic
presentations.

e TECHNICAL MEMORANDUM.
Scientific and technical findings that are
preliminary or of specialized interest,
e.g., quick release reports, working
papers, and bibliographies that contain
minimal annotation. Does not contain
extensive analysis.

» CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

¢ CONFERENCE PUBLICATION.
Collected papers from scientific and
technical conferences, symposia,
seminars, or other meetings sponsored
or co-sponsored by NASA.

» SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e  TECHNICAL TRANSLATION. English-
language translations of foreign
scientific and technical material
pertinent to NASA’s mission.

Specialized services that complement the
STI Program Office’s diverse offerings
include creating custom thesauri, building
customized databases, organizing and
publishing research results ... even
providing videos.

For more information about the NASA STI
Program Office, see the following:

»  Access the NASA STI Program Home
Page at http://www.sti.nasa.gov

» E-mail your question via the Internet to
help@sti.nasa.gov

« Fax your question to the NASA STI
Help Desk at (301) 621-0134

* Phone the NASA STI Help Desk at (301)
621-0390

e  Write to:
NASA STl Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320



NASA/TM-2000-209685

Thermal Nondestructive Characterization
of Corrosion in Boiler Tubes by Application
of a Moving Line Heat Source

K. Elliott Cramer and William P. Winfree
Langley Research Center, Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

___________________________________________________________________________________________________________________________|
January 2000



Available from:

NASA Center for AeroSpace Information (CASI) atibnal Technical Information Service (NTIS)
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076-1320 Springfield, VA 22161-2171

(301) 621-0390 (703) 605-6000



Thermal Nondestructive Characterization of Corrosion in Boiler Tubes
by Application of a Moving Line Heat Source

K. Elliott Cramer and William P. Winfree
ABSTRACT

Wall thinning in utility boiler waterwall tubing is a significant inspection concern for boiler operators. Historically,
conventional ultrasonics has been used for inspection of these tubes. This technique has proved to be very labor intensive
and slow. This has resulted in a “spot check” approach to inspections, making thickness measurements over a relatively
small percentage of the total boiler wall area.

NASA Langley Research Center has developed a thermal NDE technique designed to image and quantitatively characterize
the amount of material thinning present in steel tubing. The technigue involves the movement of a thermal line source across
the outer surface of the tubing followed by an infrared imager at a fixed distance behind the line source. Quantitative images
of the material loss due to corrosion are reconstructed from measurements of the induced surface temperature variations.
This paper will present a discussion of the development of the thermal imaging system as well as the techniques used to
reconstruct images of flaws. The application of the thermal line source, coupled with this analysis technique, represents a
significant improvement in the inspection speed for large structures such as boiler waterwalls while still providing high-
resolution thickness measurements.

A theoretical basis for the technique will be presented thus demonstrating the quantitative nature of the technique. Further,
results of laboratory experiments on flat panel specimens with fabricated material loss regions will be presented to
demonstrate the capabilities of the technique. Additionally, the results of applying this technology to actual wateivall tubin
samples will be presented.

1. INTRODUCTION

Recent developments have shown the advantages of infrared (IR) thermography for the detection of corrosion and disbonds
in aircraft structurés™ The techniques used have typically involved the application of heat with an IR source and imaging
the induced temperature change with an IR imager. This offers a rapid method for detecting corrosion and quantifying its
extent in single layer structures. In that application, the heating and imaging components of the system remain stationary
during the measurement cycle. Two disadvantages of that technique are the expense of the infrared imager and the large
power requirement for the infrared heater.

This paper examines an alternate method for thermographically obtaining the same data. It is patterned after a technique
described by Maldag@ievhere a sample moves at a constant velocity past a fixed linear heat source and is observed by an IR
imager. Maldague demonstrates that the method is effective for the detection of disbonding in laminated samples. A distinct
advantage of Maldague’s method over typical thermographic techniques is that the IR heater is held close to the object of
interest, enabling more efficient coupling of the energy into the specimen and reducing the power requirements. An
additional advantage is that a linear array detector can replace the imager, significantly reducing the cost of the system.

Presented here are results from an alternate implementation of Maldague’s method where the specimen is stationary and the
line heat source and IR imager are translated together at a constant velocity. From the output of the IR imager, an image is
reconstructed which represents the induced temperature changes at a fixed distance behind the line heat source. This uniqu
approach to thermography enables rapid inspection of large structures while maintaining the same level of sensitivity
characteristic of conventional thermography.

This paper will discuss a technique originally developed to detect material loss due to corrosion in aircraft fuselage skins.
Included will be the results of laboratory measurements on specimens with fabricated thinning to simulate material loss and a
theoretical basis for relating the amount of thinning to the induced temperature change. An extended application of this
technique beyond aircraft structures, to the rapid detection of wall thinning in utility boiler waterwall tubing samples in a
laboratory setting, will also be discussed.



2. EXPERIMENTAL TECHNIQUE

The current implementation of the scanned line source and imager is shown in Figure 1. The IR imager is a commercial
radiometer with a cooled 256x256-element InSb (Indium - Antimonide) focal plane array detector. The radiometer’'s noise
equivalent temperature difference (NEDT), cited by the manufacturer, is 0.025°C when operating the detector in the 3 to 5
micrometer wavelength range. The radiometer produces images at both 30 frames per second output (video frame rate, in ar
RS170, format compatible with standard video equipment) and 60 frames per second output in a 12-bit, RS422 digital format.
External germanium optics, consisting of a wide-angle lens, were used to increase the system field-of-view by a factor of
approximately two. This lens has a field-of-view of 22° in both the horizontal and vertical direction.
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Figure 1 — (a) Schematic and (b) photograph of experimental setup used to implement moving line source technique.

An approximate line of heat (40.6 cm in length and 0.25 cm in width) is obtained by focusing a 1000-watt quartz lamp with
an elliptical reflector behind the quartz tube onto the specimen. The heat source and the IR imager are attached to a
commercially available linear scanning bridge. Quantitative time based analysis requires synchronization between the IR
imager, the heat source and the scanning table. This synchronization is achieved by computer control of the application of
heat, motion of the scanning table and data acquisition. The computer can provide any scanning speed up to 30.5 cm/sec
For all cases presented in this paper the maximum surface temperature change of the sample never exceeds 15°C abov
ambient.

For reflective surfaces, it is necessary to apply an emissivity enhancing coating. Most paints have high emissivityjftherefore
the specimen is painted, regardless of color, no additional surface coating is necessary. Metal samples, which are normally
unpainted, require the addition of an emissivity enhancing coating. The samples used in this study were treated with either
water washable, nontoxic paint, or flat black aerosol lacquer.

The digital data from the radiometer is acquired and stored at 60 frames-per-second in a real-time image processor board in
the control computer. The image processor board has 256 megabytes of image memory available for storage and is capable ¢
real-time floating point processing of the incoming data. The imaging camera moves with the heat source, enabling data
acquisition at a fixed distance from the source. From a set of acquired images, a single image is then reconstructed that
represents the induced temperature change at a given distance from the heat source. The reconstructed image is typically 25
pixels high and up to 1200 pixels wide (depending on the physical length of the sample scanned and the speed of the
scanner). This reconstruction is currently accomplished by post processing the set of acquired images using the host
computer. All of the data presented in the remainder of the paper (unless otherwise noted) were reconstructed in this manner.
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Figure 2 — Geometry used for the development of steady state analytical solution.

3. STEADY STATE ANALYTICAL SOLUTION

For a moving linear heat source the temperature distribution in a semi-infinite media with an infinitely long line source
moving along the surface, in the x-direction, from time equabttn-t is given by,
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where v is the velocity of the moving line source (Figure 2), Kraark the thermal conductivity and diffusivity respectively

and g is the rate of heat emitted by the line source per unit lengif.is<the modified Bessel function of the second kind of
order zero. From this expression, temperature at the heated surface (at z = 0) of a layer of thickness L is found to be
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In the frame of reference moving with, and centered on the heat source, the temperature at the surface is given by
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This solution for the heat equation best represents the induced temperature change in the region near to the source or is th
near field solution.

An alternate representation of the temperature profile is derivable which best represents the region far from the source or the
far field solution. The form of the equation in given by
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wherep and c are the density and specific heat respectively. Examination of Equation 4 indicates that when the summation is
approximately equal to zero, the temperature becomes a constant, g/(Lvc), if x is negative. For lower veloaitieslj2vL/
the condition necessary for the summation to be approximately zero is
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At(2vL/k> 1), the condition where the summation is zero is approximated when the distance behind the line source is equal
to the thickness of the plate. When this occurs, the temperature in the far field behind the source becomes
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S

T =a/(Lvpc), (6)

and thus is inversely proportional to the thickness of the layer. Figure 3 shows the spatial dependence of the temperature for
several different values of L/ As can be seen from Figure 3, the temperature rapidly approachesclififithe region
behind the heat source.
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Figure 3— Analytical solution for induced temperature change around moving linear line source.

4. NUMERICAL SOLUTION OF TRANSIENT TEMPERATURE PROFILE FOLLOWING
APPLICATION OF LINEAR HEAT SOURCE

For a thin layer of high diffusivity material, when the heat source has been on long enough to approximate having been on
from - to the present, the temperature rapidly falls to a constant value behind the heat source. This is typically a more
limiting constraint, than the constraint imposed by Equation 5. An accurate approximation of this induced temperature

change at distances 3 L or further from the source is given by
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where x is the observation point. The integral in Equation 7 is approximately equabtt &ir X >> yresulting in a

limit of g/Lvpc. Typical profiles for the induced temperature change following the linear heat source being turned on at x =0
are shown in Figure 4. As expected, when the distance from the source increases, the distance the source must travel befor
the induced temperature change becomes constant increases.
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Figure 4—- Temperature change induced by moving linear heat source as a function of position at a fixed disédriice the source.

The distance that is required for the temperature to achieve a value pt ¢glalso significant when considering variations

in the thickness of the plate. A reasonable approximation for small changes in the plate’s thickness is modulating the
amplitude of the flux of the thermal line source by the inverse of the thickness of the plate. Using Equation 7, it is easy to
find the response for a plate when the source is turned on and off for three periods. The results are shown in Figure 5. These
results indicate that as the distance between the source and observation point increases the resolution for detection of
variations in thickness decreases. Velocity in Figure 5 contributes to jwfthard xvk. Independent calculations indicate

that as the velocity increases, the spatial resolution improves for a fixed distance between the observation point and the

source.

5. EXPERIMENTAL MEASUREMENTS OF SPATIAL RESOLUTION SPECIMENS

To investigate the relationship between the velocity of the moving system and the separation between the observation point
and the heat source, samples were created with multiple regions of material loss. Figure 6 shows a schematic of one of thest
samples. Each sample is 91.4 cm long, 30.5 cm. wide and 0.30 cm. in thickness. High carbon steel was chosen as the
material for these samples to allow the effects of variations in speed to be investigated over the reasonably small velocity

range of the scanning table and to appropriately simulate boiler waterwall tubing. Data was collected for speeds ranging

from 2.54 cm/sec to 12.7 cm/sec and for separation distances between the observation point and the heat source ranging fror
1.9 cm. to 19 cm. It is to be noted that the minimum separation distance of 1.9 cm. is a physical constraint dependent upon
the current heat source and the field-of-view of the IR imager.

Figure 7 shows two images at two different speeds, 2.54 cm/s, and 10.1 cm/s both with a fixed separation distance of 1.9 cm.
As the speed of the moving line increases the images become sharper due to a reduction in inplane diffusion between wher
the heat is applied and when the data is collected. Figure 8 shows a single line of data across a portion of the seeaple for th

different speeds. These measurements are qualitatively in good agreement with the results of the previous section. It is



notable that for all speeds, the amplitude of the modulation is inversely proportional to the thickness change. Based on this
data, a speed of 10.1 cm/s is required for accurate measurements of the thickness of slot 1.27 cm wide in this specimen.
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Figure 5 — Temperature change induced by moving linear heat source which is turned on and off for three periods ofig5. Plotted

temperature at a fixed distangebehind the source.

A similar effect can be observed when keeping the speed constant and varying the separation distance between the line o
heat and the observation point. Figure 9 shows two images taken at the same speed (5.0 cm/s) but at two different separatiol
distances: 2.1 cm and 14 cm. As the separation distance is increased the images begin to blur due to diffusion effects. Figur
10 shows a single line of data across a portion of the sample for three different separation distances: 2.1 cm, 8.0 cm and 14.(
cm. Figures 9 and 10 show good qualitative agreement with the theoretical results of the previous section. These results
indicate that if the separation distance becomes too great, quantitative information is lost and the effects of diffusion again

dominate. Additionally, this indicates the potential for using this technique for diffusivity measurements.
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Figure 6 — Spatial resolution specimen for thermal line scanner.
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Figure 7 — Images of steel resolution sample at a separation distance of 1.9 cm and two different speeds (a) 2.5 cv/s emds(b) 1
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Figure 8 — Three single lines of data at three speeds showing the relationship between speed and diffusion effectefofisteel
sample.
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Figure 9 — Images of the steel resolution sample at a speed of 5.0 cm/s and separation distances of (a) 2.1 cm and (b) 14 cm.
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Figure 10 — Three single lines of data at three separation distances showing the relationship between distance behind the line
of heat and diffusion effects for a steel resolution sample.



6. APPLICATION OF TECHNIQUE TO WATERWALL TUBING

Next, the technique was applied to an actual waterwall tube section. The sample had been removed from a commercial
power plant and was then sectioned into manageable sized samples. The sample inspected was 116.8 cm in length, 26.7 ci
in width with tubes of outside diameter 3.2 cm and nominal wall thickness of 0.7 cm. Defects were artificially introduced
into the sample by removing the entire wall thickness on one side of the sample to provide an access port, then machining
material loss regions on the now exposed inside walls of the tubing. Different sizes and depths of defects were introduced
into the sample to provide a representative selection of the material losses that may be found in operational boilets. Figure 1
provides a schematic on a typical laboratory sample of steel tubing showing the pattern of defects introduced. The defects
were produced in the crown region of the tube0{ of top-dead-center) only. Since the majority of the material loss in

boiler tubes occurs near the crown, this is a good approximation of boilers in%ervice

Sample 1
7.6 cm 3.8cm
tube 1 0.5cm—— —ffaw 1 1cm flaw 2 0
7.6 cm 3.8cm
tube 2 1 cm tlaw 3 lem flaw 4 O
J Webbirg
7.6 cm
tube 3 lcm flaw 5 O
| g
3.8cm
tube 4 1 cm[ 445 flaw 6 ()

Figure 11 — Schematic of waterwall tubing sample showing fabricated flaw sizes (width and length) and amount of matedasemove
percent of total wall thickness. The sample consisted of a total of 6 tubes, of which only the 4 center tubes where eléibcicaes!
are shown.

The results of scanning the waterwall tube sample are shown in the image in Figure 12. The sample was scanned at a spee
of 6.3 cm/s and the separation distance was 2.5 cm. All the machined defects can be clearly detected in the resulting image
Since material loss does not typically occur in the webbing between the tubes (dark band in Figure 12) these regions of the
thermal image are ignored. Further it is possible to calibrate the results of the thermal imaging to measure tube thickness at
points along the crown of the tube. Mechanical thickness measurements were made at various locations along tube numbel
one (sedrigure 12). These measurements were then used to calculate a calibration cqugtgnio(vequation (6). This

constant was then be applied to the data from the other three tubes to obtain maps of their thickness. Figure 13 shows a plo
of the thickness of each of the tubes verses position. A region of the thermal image equal to 20 degrees of the tube crown
was averaged to produce the thickness plots. Initial comparisons with conventional ultrasonic measurements taken at
locations along the tubes agree well with the thermal results.

7. CONCLUSIONS AND FUTURE DIRECTIONS

A noncontacting thermal NDE technique has been developed which employs a moving line heat source and is capable of
imaging material loss in steel structures such as utility boiler waterwall tubing. This technique has been shown tg effectivel
detect thinning in steel laboratory samples designed to determine the spatial resolution of the system. A steady state solution
for the induced thermal change has been developed. It has been shown that when the steady state condition is achieved, th
induced temperature change is inversely proportional to the thickness of the material at an observation point more than one
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Figure 12 — Reconstructed thermogram of waterwall tubing sample showing the detection of fabricated flaws.
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Figure 13 — Thickness information from three waterwall sample tubes calibrated using measurements from tube 1.

thickness of the plate behind the linear source. A more critical constraint on thickness measurements with this technique is
the time or distance required to achieve a steady state condition. The experimental results are in agreement with theoretica
results.

Application of the technique to laboratory samples of waterwall tubing has yielded promising results. Additionally,
qualitative agreement was seen in initial comparisons of the calibrated thermal data with conventional ultrasonics. Further
ultrasonic measurements are planned allowing a detailed comparison of conventional results with this new method. This will
help in determining the limits of this technique for application to waterwall tubing.

In the future, additional analysis methods that take advantage of the data acquired at multiple observation points should
significantly improve the results and enhance quantitative analysis of the material loss. One such analysis method could
involve reconstructing a series of images from the data acquired, each image at a different distance from the heat source
These images could then be treated as a time series and variations in the heat propagation rates could be explored by suc
analysis methods as a time derivative. Further, for this technique to be applied in a practical manner additional work will be

done on field implementation. A robotic scanner that could efficiently transport the heat source and imager over large areas
of an aircraft, or utility boiler, shows promise of great potential.



8. ACKNOWLEDGMENTS

The authors would like to acknowledge Tom Reilly and Ron Jacobstein of ThermTech Services, Inc. for their assistance in
obtaining waterwall tube samples and for their continued support of this work. Jane Johnson and Dan Reid both of The
College of William & Mary, Department of Applied Sciences provided critical support during the data collection phase of
this project.

9. REFERENCES

1. L.D. Favro, T. Ahmed, X. Han, L. Wang, X. Wang, P.K. Kuo and R.L. ThoReagew of Progress in QND¥ol. 15,
eds. D.O. Thompson and D.E. Chimenti ( Plenum, New York, 1996), p. 1747.

2. N. K. Del Grande, P.F. Durbin and D.E. PerkiReyiew of Progress in QNDKol. 12, eds. D.O. Thompson and D.E.
Chimenti ( Plenum, New York, 1993), p. 465.

3. K.E. Cramer, P.A. Howell and H.I. Sygdroceedings SPIE - Thermosense XXdl, 2473, ed. S. A. Semanovich
(SPIE,Bellingham,1995), p. 226.

4. X.P.V. MaldagueNondestructive Evaluation Of Materials By Infrared Thermograf8gringer-Verlag, London,

1993).

H.S. Carslaw and J.C. Jaegénnduction of Heat in SoligsClarendon Press, Oxford, 1959)

M. J. Nugent and S. Hansen, Proceedingd'atdnference on Fossil Plant Inspection, (EPRI, Palo Alto, 1994).

oo

10



REPORT DOCUMENTATION PAGE Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and
Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188),
Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
January 2000 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Thermal Nondestructive Characterization of Corrosion in Boiler Tubes]by
Application of a Moving Line Heat Source 522-18-11-03

6. AUTHOR(S)
K. Elliott Cramer and William P. Winfree

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

NASA Langley Research Center
Hampton, VA 23681-2199 L-17859

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDR ESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER
National Aeronautics and Space Administration

Washington, DC 20546-0001 NASA/TM-2000-209685

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified-Unlimited
Subject Category 70 Distribution: Standard
Availability: NASA CASI (301) 621-0390

13. ABSTRACT (Maximum 200 words)
Wall thinning in utility boiler waterwall tubing is a significant inspection concern for boiler operators.

Historically, conventional ultrasonics has been used for inspection of these tubes. This technique has p

Foved to

be very labor intensive and slow. This has resulted in a "spot check” approach to inspections, making thickness

measurements over a relatively small percentage of the total boiler wall area. NASA Langley Research
has developed a thermal NDE technique designed to image and quantitatively characterize the amount
material thinning present in steel tubing. The technique involves the movement of a thermal line source
the outer surface of the tubing followed by an infrared imager at a fixed distance behind the line source.

Center
of
across

Quantitative images of the material loss due to corrosion are reconstructed from measurements of the ifduced

surface temperature variations. This paper will present a discussion of the development of the thermal
system as well as the techniques used to reconstruct images of flaws. The application of the thermal lin

maging
b source,

coupled with this analysis technique, represents a significant improvement in the inspection speed for Igrge

structures such as boiler waterwalls while still providing high-resolution thickness measurements. A the
basis for the technique will be presented thus demonstrating the quantitative nature of the technique. F
results of laboratgrexperiments on flapanel gecimens with fabricated material lossjioss will bepresented.

pretical
Lirther,

14. SUBJECT TERMS 15. NUMBER OF PAGES
Thermography, Infrared Imaging, Corrosion, Water Wall Tubing, Boilers 15
16. PRICE CODE
A03
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION
OF REPORT OF THIS PAGE OF ABSTRACT OF ABSTRACT
Unclassified Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z-39-18
298-102



